therosclerosis is an inflammatory disease characterized by arterial lesions containing cholesterol, immune infiltrates, and fibrosis, [1] [2] [3] resulting essentially from hyperlipidemia, hypertension, smoking, and diabetes. 4 These cardiovascular risk factors cause endothelial dysfunction, which triggers the migration of leukocytes, mainly of monocyte/ macrophage and T lymphocyte type, within the vessel wall intima area. Proinflammatory factors, such as cytokines and chemokines, released from endothelial cells (ECs), macrophages, or T cells, cause proliferation and migration of smooth muscle cells (SMCs) from the media to the intima, as well as recruitment of new immunoinflammatory cells. Within the intima, SMCs secrete extracellular matrix components, leading to the accumulation of collagen and proteoglycans, key factors implicated in plaque stability. Conversely, the secretion of matrix metalloproteinases by vascular and inflammatory cells degrades matrix components, such as collagen, gelatin, or elastin within atherosclerotic lesions.
Chemokines (chemotactic cytokines) belong to a large superfamily of low molecular weight proteins with a highly homologous 3-dimensional structure, which are divided into four groups based on the configuration of the first two cysteines. 5, 6 Chemokines are known to induce leukocyte migration, growth, and activation through 7 transmembrane heptahelical, G protein-coupled cell-surface receptors on target cells and regulate leukocyte trafficking during inflammation. The chemokine CCL5/RANTES (Regulated on Activated Normal T-Cell Expressed and Secreted) is a soluble chemokine of 7.8 kDa secreted by many different cell types, such as ECs, SMCs, activated T cells, macrophages, and platelets. 7, 8 RANTES interacts with the chemokine receptors CCR1, CCR3, and CCR5, and has been implicated in cardiac inflammatory disorders after organ transplantation or arterial injury. 9, 10 In addition, RANTES has been detected in plasma samples of patients suffering from cardiovascular diseases. 11 When RANTES is produced recombinantly in prokaryotic cells, the initiating methionine residue is retained (Met-RANTES), resulting in a RANTES receptor antagonist with nanomolar potency, which is able to block calcium mobilization and chemotaxis, 12 and induces only weak internalization of the receptor CCR5 13 and CCR1. 14 Furthermore , it has been demonstrated that Met-RANTES do not retains high affinity for the murine chemokine receptors mCCR3. 15 This antagonist has been shown to significantly reduce inflammatory responses in several animal models including crescentic glomerular nephritis, 16 rheumatoid arthritis, 17 airways inflammation, 18 and organ transplant rejection. 19 However, in a recent publication, Kuziel et al 20 reported that CCR5 deficiency was not protective in the early stages of atherosclerosis in ApoE knockout mice. These intriguing results are surprising knowing that RANTES avidly binds CCR5 and that this receptor is highly expressed on the principal cell types implicated during atherogenesis such as T cells, 21 macrophages, 22 SMCs, 23 and ECs. 24 Based on the crucial role of immunoinflammatory processes during atherogenesis and the fact that RANTES may trigger monocyte/macrophages and T lymphocytes chemotaxis and activation, we decided to investigate the effect of Met-RANTES treatment on atherosclerotic plaque formation in vivo.
Materials and Methods

Reagents
The human chemokine antagonist Met-RANTES was generated as previously described. 12 For in vivo experiments, Met-RANTES was dissolved in sterile water and diluted to a concentration of 1 g/L (125 mol/L) in PBS before administration. Rabbit anti-mouse CD4 (Pharmingen, clone H129.19), rabbit anti-mouse Mac-1 (Pharmingen, clone M1/70), rabbit anti-mouse RANTES (R&D, clone 53405.111), goat anti-mouse MMP9 (R&D), and rabbit anti-mouse smooth muscle myosin heavy chain (gift from Dr G. Gabbiani, Geneva, Switzerland) antibodies were used for immunohistochemical analysis. Mouse anti-human RANTES capture antibody (R&D, clone 21418) and goat anti-human RANTES detection antibody (R&D) were used for ELISA analysis. Lipids were stained with Sudan IV and collagen with Sirius red. Chemokine and chemokine receptor expressions were detected by ribonuclease protection assay (RPA) using RPA Multi-Probe Template Set (Pharmingen, probe sets mCR-5 and mCK-5b). [ 
Animals
As a model of in vivo atherosclerosis, 12-week-old male LDLR Ϫ/Ϫ C57BL/6J mice (Iffa Credo, Lyon, France) were fed with high-cholesterol diet (1.25% cholesterol, 0% cholate; product No. D12108, Research Diets) in conventional housing. Littermate mice were divided into three different groups: control, saline (PBS), and Met-RANTES (nϭ8 per group for histological analysis and nϭ6 per group for mRNA analysis). Treatment by Met-RANTES was administered by intraperitoneal injection (100 g) twice a week during 14 weeks (in parallel with diet). For histological and immunohistochemical analysis, refer to Kwak et al, 25 and for more details, see reference 1 in the expanded Materials and Methods in the online data supplement available at http://www.circresaha.org.
Western Blotting
For Western blotting, 100 ng of recombinant mouse RANTES (R&D) and Met-RANTES were loaded on tricine peptide separation gels and transferred on PVDF Immobilon-P sq Transfer Membrane (Millipore Laboratory Corp). After blocking step, blots were incubated for 1 hour at room temperature with Met-RANTES treated mouse serum or mouse preserum (prior treatment) diluted at 1:100 in BSA 3%. Secondary peroxidase-conjugated antibody (1:5000 in BSA 3%; Jackson ImmunoResearch) was incubated for 1 hour. As a loading control, Coomassie blue staining was performed.
ELISA
In a separate set of experiments, mice treated with Met-RANTES (nϭ6) were euthanized at a different time after injection. To assess the concentration of Met-RANTES within mice sera, anti-human RANTES capture antibody was used in combination with antihuman RANTES detection antibody. The protocol and antibody concentrations were used according to the manufacturer's instructions.
Chemokine Receptor Specificity
Equilibrium competition binding assays were performed according to Van Riper at al. 26 For transmigration assay details, refer to reference 2 in the expanded Materials and Methods.
[
I]Met-RANTES
Male LDLR Ϫ/Ϫ mice fed a hypercholesterolemic diet during 2 months, as well as control WT mice not fed with high-fat diet, were injected (intraperitoneally) with 2 Ci radiolabeled [
125 I]Met-RANTES 12 hours before euthanasia. Aortas were isolated as described before and exposed onto developing film (Kodak Biomax MS Film) for 7 days at Ϫ80°C. Mice sera and aortas were used to detect [ 125 I]Met-RANTES concentration. CPM measured from aortas were normalized by dividing total counts of each sample by its dried weight.
RPA
Total mouse mRNA was extracted from total aorta (aortic arch and thoracoabdominal aorta) and prepared with Tri reagent (MRC Inc) according to the manufacturer's instructions. RPA with 10 g of mRNA per reaction were performed using commercial RPA MultiProbe Template Set as recommended by the supplier. Signal quantitation was determined using a PhosphorImager (Molecular Dynamics) and normalized to GAPDH and L32 housekeeping genes.
Blood Analysis and Leukocyte Quantification
Hematocrit and leukocyte counts were measured, and SERA were used for measurement of cholesterol and triglycerides content. 27 HDL and VLDL cholesterol fractions were measured by fast protein liquid chromatography. 28 Presence of macrophages and lymphocytes within lesions was determined by quantification of immunohistochemistry for Mac-1 and CD4, respectively. Percentage positive areas were reported as areas within intima as previously described. 29 
Statistical Analysis
All results are expressed as meanϮSEM. Differences between the groups were considered significant at PϽ0.05 using the Student's t test or the Mann-Whitney U Wilcoxon sum test.
Results
Expression of the Chemokine RANTES Is Colocalized at Site of Inflammation With Atheroma-Associated Cells
We first analyzed the expression of the chemokine RAN-TES comparing nondiseased arteries and atherosclerotic vessels. Whereas expression of RANTES was not detected in normal arteries, immunohistochemistry performed on mouse aortic root showed that RANTES was highly expressed within the atheroma ( Figure 1A ). Staining for macrophages and T lymphocytes on consecutive sections revealed localization of RANTES with these cell-types, in particular with macrophage foam cells ( Figure 1A ). Similar results were obtained with human carotid atherosclerotic lesions (data not shown).
Met-RANTES Binds to Vascular Endothelium and Retains High Affinity for Murine Receptors
In order to show the localization of Met-RANTES within vascular tissue, we injected intraperitoneally LDLR Ϫ/Ϫ and wild-type (WT) mice with [
125 I]Met-RANTES. The radioactive labeled molecule could be found all along the aorta and highly concentrated at site of atheroma ( Figure 2A) Figure 2D ). In another set of experiments using ApoE Ϫ/Ϫ mouse macrophages, Met-RANTES could not block chemotaxis induced by MCP-1 ( Figure  2E ), even at high concentrations of Met-RANTES. Similar results were obtained using THP1 cells (data not shown).
Met-RANTES Influences Atherosclerotic Plaque Development and Composition
To determine the possible beneficial effect of treatment with the chemokine antagonist Met-RANTES in vivo, we analyzed the development and the quality of atherosclerotic plaques within LDLR Ϫ/Ϫ mice aortas fed a high-cholesterol diet. 30 We randomly assigned these mice to either no treatment, saline, or Met-RANTES treatment over a period of 14 weeks. As an internal control, we measured by ELISA the concentration of Met-RANTES within mice sera at different times after injection with an anti-human RANTES capture antibody completely lacking cross-reactivity with endogenous murine RANTES. We showed that Met-RANTES could be rapidly detected in mice SERA 2 hours after injection and reached a maximal concentration of about 2 ng/mL (250 pmol/L) at 12 hours, and then decreased slowly to reach similar concentrations at 40 hours as those observed after 2 hours ( Figure 1B) . Thus, these results indicate that, by injecting our mice twice a week, we are dealing with low and nonsaturating concentrations of Met-RANTES. Administration of the human Met-RANTES protein into mice indeed induced antibody production. However, by using SERA from mice treated by Met-RANTES as the first antibody, we demonstrated that the detection of the antagonist was specific for the human molecule, as antibodies could not bind to murine recombinant RANTES ( Figure 1C ). In addition, Met-RANTES treatment did not affect RANTES protein expression within mouse aorta compared with controls (data not shown). We also verified that Met-RANTES did not alter other essential control parameters, and no statistical differences were detected within the three different groups for weight, hematocrit, blood leukocyte count, and lipid profile modifications (Table) . The distribution in lipoprotein fractions (VLDL and HDL) was determined by fast protein liquid chromatography (FPLC) and showed no difference between controls and Met-RANTES-treated animals ( Figure 3) . Furthermore, neither liver nor kidney toxicity was found and none of our mice died during treatment nor showed unhealthy behavior (data not shown). Control and saline-treated mice exhibited large and extended atherosclerotic lesions compared with Met-RANTES-treated animals. Examination of aortic roots (Figures 4A through 4C ) as well as thoracoabdominal aortas ( Figures 4D through 4F ) stained with Sudan IV for lipids showed a significant decrease in plaque formation in mice treated by Met-RANTES. The results showed that the extent of lesions was significantly decreased within Met-RANTEStreated mice compared with controls, with 43% reduction for aortic roots and 58% reduction for thoracoabdominal aortas ( Figure 4G ).
To investigate in more detail the composition of the atherosclerotic plaques after Met-RANTES treatment, we 
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compared the quality and the cellularity of atherosclerotic lesions between groups. Macrophage foam cells and T lymphocytes were significantly more abundant within tissues isolated from controls ( Figures 5A and 5B) compared with Met-RANTES-treated mice ( Figures 5C and 5D ). Indeed, quantification of immunohistochemistry for Mac-1 and CD4 present within aortic lesions confirmed a reduction of macrophages and lymphocytes in Met-RANTES-treated animals, by 43% and 83%, respectively ( Figure 5E ). Analysis of SMC quantity into the neointima showed relevant differences between each treatment group: SMCs were more abundant within a thicker fibrous cap covering atherosclerotic lesions in Met-RANTES-treated mice compared with controls (Figures 5F , 5G, and 5L). Detailed analysis of plaque components also revealed that Met-RANTES treatment increased interstitial collagen content, a product of SMCs, at the shoulder of the lesion compared with a very poor concentration observed within control atheroma ( Figures 5H, 5I , and 5M). To further explore these intriguing results, we performed staining for matrix metalloproteinases (MMPs), secreted mainly by macrophages and SMCs, and observed a lower expression of MMP-9 within atherosclerotic lesions in Met-RANTEStreated mice compared with control lesions ( Figures 5J, 5K , and 5N). Thus, we can hypothesize that the reduced degradation of collagen might be principally due to the difference in MMP secretion from the lower number of macrophages, but might also result from a lower activation state of SMCs within Met-RANTES-treated mice compared with controls. Knowing that vulnerability and rupture of atherosclerotic lesion are dependent on the thickness and number of SMCs within the fibrous cap, we can speculate an additional beneficial effect of Met-RANTES on the stability of atherosclerotic plaques.
Expression of Proinflammatory Molecules
We then analyzed the expression of certain chemokine receptors and their proinflammatory chemokine ligands known to be implicated during atherogenesis. We observed a highly significant reduction of mRNA expression for the chemokine receptors CCR2 (Ϫ86%) and CCR5 (Ϫ87%) in 6D ). Data for chemokine and chemokine receptor mRNAs were normalized to GAPDH, as well as for L32 with same results. In order to investigate whether the reduced expression of these proinflammatory molecules resulted mainly from the lower number of inflammatory cells present 
Characteristics of LDLR
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within atherosclerotic lesions, we normalized our data for macrophage content (Figure 7 ). Tested for statistically significant differences, our results demonstrated that reduced expression of the receptors CCR5 and CCR2 were still significant after this normalization procedure. However, expression of the chemokine eotaxin, MIP-1␣, MIP-1␤, and MIP-2 normalized to macrophage content did not result in any longer significant differences between control and Met-RANTES-treated animals.
Discussion
Inflammatory infiltrates, mainly composed of T-lymphocytes and mononuclear phagocytes, are recruited by a network of chemokines and chemokine receptors highly expressed by vascular cells within atherosclerotic lesions. 5 The chemokines RANTES and MCP-1 are potent activators and chemoattractant signals of inflammatory and vascular cells by binding to CCR1, CCR2, and CCR5 receptors. [31] [32] [33] [34] The role of MCP-1 has previously been established by both MCP-1-and CCR2-deficient mice. 35, 36 Several experiments have described the expression and implication of RANTES in animal models of inflammation by treatment with the chemokine receptor antagonist Met-RANTES. 16 -19 Thus, we decided to investigate the effect of inhibiting RANTES actions on the development of atherosclerosis in a mouse model fed with highcholesterol diet using Met-RANTES. First, we demonstrated that RANTES is highly expressed within atheroma, that Met-RANTES had significant antiinflammatory effects even though it was only detectable in the serum at picomolar concentrations, and that antibodies produced against Met-RANTES do not cross-react with the murine RANTES. Detection of Met-RANTES in murine plasma 40 hours after injection indicates that chemokines are protected from degradation in vivo. This stabilization of chemokines may result from their immobilization on cell surface glycosaminoglycans (GAGs). 37 The detection of Met-RANTES in murine serum would then be explained by a slow release mechanism from cell surface GAGs into the circulation. This mechanism could explain the long-lasting activity of Met-RANTES in vivo. In addition, we demonstrated that Met-RANTES could bind to vascular tissue, especially at atherogenic sites, and that Met-RANTES retains high affinity for murine CCR1 and CCR5 and do not bind to CCR2. Treatment with Met-RANTES reduced the extent of atherosclerosis lesions analyzed on aortic roots and thoracoabdominal aortas. These effects could be linked to a considerable decrease in leukocyte infiltration, to an increase of atherosclerotic lesion stability, as well as to a reduction in expression of certain chemokines and chemokine receptors. Levels of CCR5 and CCR2 receptors were significantly decreased within vascular tissues isolated from Met-RAN-TES-treated mice. The role of CCR2, highly expressed on macrophages, but also on SMCs 7 and T lymphocytes, 38 especially on Th1 T cells (the principal T lymphocyte type detected within atheroma), is of a major impact for inflammatory processes during atherogenesis. Detection of CCR5 within atherosclerotic lesions confirms a previous report. 39 Our results could demonstrate a possible importance of the receptor CCR5 in the development of atherosclerosis, which is in contrast with the recent observations of Kuziel and colleges 20 where it has been reported that CCR5 deficiency was not protective in the early stages of atherosclerosis in ApoE Ϫ/Ϫ mice. These differences with our study might include the possibility that chemokines contribute differentially to the development of atherosclerosis in one model (LDLR Ϫ/Ϫ ) but not in the other (ApoE Ϫ/Ϫ ). However, these observations might more likely result from genetic variations because the generated CCR5 Ϫ/Ϫ 129/Ola mice used in their study was only twice backcrossed with ApoE Ϫ/Ϫ C57BL/6 mice. Furthermore, Kuziel and colleges described effects of CCR5 Ϫ/Ϫ mice only on very early atherosclerotic lesions. It would have been interesting to see whether deletion of CCR5 may alter advanced atherosclerotic plaque formation. In addition, this MIP-1␣/MIP-1␤/RANTES receptor, expressed on T cells, macrophages, SMCs, and ECs, has been reported to be implicated in the activation and chemotaxis of different cell types. MIP-1␣ has been shown, by in vitro studies, to chemoattract many different leukocyte types including T cells, monocytes, and neutrophils, to be expressed at sites of inflammation and to activate ECs. 40 In animal models, neutralizing antibodies to MIP-1␣ have been shown to decrease inflammation by limiting monocyte and lymphocyte recruitment. 40 In SMC culture, MIP-1␤ induces a significant increase of intracellular calcium concentration, which could be blocked by an antibody to CCR5. 23 Thus, CCR5 may play a role in the recruitment and activation of leukocytes as well as of vascular cells, and the blockade of CCR1 and CCR5 by Met-RANTES would prevent leukocyte migration into lesion. However, the reduction of CCR2 and CCR5 may be secondary to the reduced macrophage content within lesions. Indeed, our results also indicate that the reduced expression of these receptors might be due to the decreased activation state of vascular cells, and not to macrophage content within atherosclerotic lesions. Indeed, expression of these chemokine receptors per macrophage still showed significant differences between control and Met-RANTES-treated animals, thus indicating that other cells, such as SMCs and ECs might be involved.
Interestingly, regulation of chemokines showed different variation patterns. No differences were detected for the chemokines RANTES and MCP-1. Because Met-RANTES significantly decreases the number of infiltrating leukocytes, we assumed that the unaltered high transcription levels of RANTES and MCP-1 chemokine mRNAs result mainly from vascular SMCs and ECs that are activated by hypercholesterolemia. We hypothesize that the degree of activation of SMCs and ECs within the vessel wall of atherosclerotic lesion of Met-RANTES-treated mice may compensate for the loss of RANTES and MCP-1 mRNA from the decreased number of leukocytes. In contrast, significant decreases were observed for MIP-1␣, MIP-1␤, MIP-2, and eotaxin mRNA within vascular tissues isolated from Met-RANTES-treated mice. Nevertheless, because of the nonstatistical differences observed between each treatment group, higher expression of the chemokines eotaxin, MIP-1␣, MIP-1␤, and MIP-2 within control mice lesions may result only from macrophage content reflecting regulatory loops affected by Met-RANTES. Indeed, it has been reported that MIP-1␣ and MIP-1␤ are secreted by a variety of cells including macrophages, neutrophils, and fibroblasts, but not, as far as we know, by SMCs and ECs. 23 Mouse MIP-2, secreted by mononuclear cells, 41 may serve the same chemotactic function as CXCL8/IL-8 in human, because IL-8 does not exist in mice. 42 MIP-2 has also been shown to play a key role in neutrophil recruitment in the development of inflammation and tissue injury, 43 indicating that Met-RANTES may also play an essential role in the activation and chemotactic function of leukocytes at the early stages of atherogenesis. Expression of the chemokine eotaxin, known to be secreted by many different cell type including vascular and inflammatory cells, 44 seems in our study to be mainly secreted from macrophages because no significant differences were obtained by macrophage normalization. Thus, the reduction of leukocyte infiltration into the neointima might explain the lower expression of these chemokines after Met-RANTES administration. Altogether, we hypothesize that in our model of atherosclerosis, Met-RANTES may reduce the activation of the endothelium and SMCs, and also acts by limiting the recruitment of monocyte-macrophages and T lymphocytes into the vascular wall, resulting in slowing down the inflammatory processes of atherosclerosis. The reduction of macrophages within lesions may also lead to the observed striking decrease of matrix metalloproteinases leading to more stable lesions that contain more collagen.
In conclusion, blocking RANTES signaling in vivo with the CC chemokine antagonist Met-RANTES influences the development of atherosclerotic lesions and also regulates several vascular-cell functions related to acute manifestations of atherosclerosis. These findings highlight the involvement of CCR1 and/or CCR5, in addition to CCR2, as novel targets for the treatment of atherogenesis.
